A dislocation near a free surface feels a force towards the boundary, which is called the image force. In this investigation, a simple edge dislocation is simulated using Finite Element Method (FEM) by feeding-in the appropriate stress-free strain in idealized domains, corresponding to the introduction of an extra half-plane of atoms. The strains are imposed as thermal strains in the numerical model using standard commercially available software. The results of the simulation (stress fields and energy) are compared with the standard theoretical equations to validate the model. The energy of the system as a function of the position of the simulated dislocation is plotted and the gradient of the curve is calculated at various points along the curve. This slope corresponds to the image force experienced by the dislocation. The image force can be resolved into a glide component and a climb component, which are determined from the simulation by appropriately positioning the dislocation at various points in the domain. The term image force is used in literature (for the force experienced by a dislocation in the vicinity of a free-surface), because a hypothetical negative dislocation is assumed to exist on the other side of the boundary for the calculation of the force. In the current model no such assumption is required for the determination of the image force. In nanocrystals the dislocation will be proximal to more than one surface and hence the resultant image force experienced by the dislocation is superimposition of these forces. The utilization of the numerical model for the calculation of image forces in nanocrystals requires no further modifications to the simulation methodology as the image force is determined from 'first principles' as a gradient of the energy field.
Introduction
Dislocations near a free surface feel a force towards the surface, which is called the image force [1] . If the free surface is replaced by an interface with a material of lower elastic modulus, the dislocation would still feel a force towards the interface, which would be lower than that for a free surface. These cases can be analyzed as dislocations in semi-infinite domains. In free-standing nanocrystals more than one surface will be at comparable distances from the dislocation line and the theoretical formulations used for semi-infinite domains are no longer valid. The image force can be resolved into a glide component parallel to the slip plane and a climb component perpendicular to the slip plane.
In case of large crystals, image forces can lead to depletion of dislocations from regions near the surface [1, 2] and in the case of nanocrystals, these forces can lead to a completely dislocation free crystal [3] . This effect is caused when the glide component of the image force exceeds the Peierls force (lattice friction force) [4] . The climb component of the image force is expected to play a role at high temperatures when dislocation climb becomes feasible.
The utility Finite Element Method (FEM) at the nanometer length-scale is brought forth through the work of Benabbas et al. [5] , Zhang and Bower [6] Rosenauer [7] and other researchers. FEM has also proved to be an important tool in understanding dislocations in materials and its interactions with other stress fields [8] [9] [10] [11] [12] . In systems with complexity in: (i) distribution of dislocations or other internal stress fields, (ii) external loading and boundary conditions, (iii) geometry of the domain or (iv) material distribution; FEM becomes an indispensable tool.
Theoretical Background
The σ x component of the stress field of an edge dislocation in an infinite isotropic medium is given by [13] :
Where, G is the shear modulus, b is the modulus of the Burgers vector and ν is the Poisson's ratio. In a finite cylindrical domain of radius r 2 the σ x stress values is given by [9] 
When r 2 → ∞ the equation for the infinite domain case (Eq. 1) is retrieved. The energy of an edge dislocation per unit length (E dl ) is given by [1] :
Where, γ is the radius of a cylindrical crystal and r 0 is the core radius. The core radius is usually assumed to be b [14] . The first term in the equation is due to the contribution from the core of the dislocation, which is estimated to be a fraction of the total energy [1] . The image force (F image ) experienced by the edge dislocation at a distance d from the surface of a semi-infinite domain is given by [1] :
For a finite domain of length L ( Fig. 1 ) the image force experienced by the edge dislocation (towards the vertical surfaces) can be computed as a superimposition of two image forces (by assuming two image dislocations) as follows:
Where, x is the position of the dislocation from the centre of the domain (Fig. 1 ). It is seen from Eq. 5 that the dislocation does not experience any force at the centre of the domain (x = 0), which is symmetrical position with respect to the two surfaces. 
Simulation Methodology
An edge dislocation is simulated in Aluminium (a 0 = 4.04 Å, Slip system: <110>{111}, b = √2a 0 /2 = 2.86 Å, G = 26.18 GPa, ν = 0.348) by feeding the stress-free strain corresponding to 34 Nanomaterials and Devices: Processing and Applications the introduction of an extra half-plane of atoms. The structure and the energy of the core of the dislocation are ignored in the model. It is assumed that the dislocation has not split into partials. Isotropic plane strain conditions are assumed and the stress-free strain (ε T ) introduced as thermal strains into a region as shown in Fig. 2 is:
( )
Where a [110] (= 2b) is the atomic spacing along the [110] direction. Circular and rectangular domains were meshed with bilinear quadrilateral elements with mesh size b × b (Fig. 2) . The boundary conditions imposed are also shown in Fig. 2 . The numerical model was implemented using the Abaqus/standard (Version 6.5, 2005) FEM software. As the standard equations for stress fields and energy are for circular domains (cylindrical in three dimensions), the circular domain is used for comparison of the FEM calculations with the theoretical equations [1, 9] and to validate the finite element model. The size of the circular domain is varied to get a plot of the energy of the dislocation as a function of the domain size. The rectangular domain is used for image force calculations. For a comparison of the energy obtained from the finite element model with the theoretical equation for energy (Eq. 3) the core contribution term in the equation was ignored.
The energy of the system (per unit depth) is calculated from the model and the plotted as a function of the position of the dislocation. The direction of depth is parallel to the dislocation line, which is perpendicular to the XY plane (Fig. 2) . Hence, the energy computed is the energy of the dislocation per unit length of the dislocation line. The image force experienced by the dislocation is the slope of the energy versus distance plot. By positioning the dislocation at various points along the X-direction and Y-direction the glide and climb components of the image force is computed. 
Results and Discussion
Fig . 3 shows the plot of FEM simulated σ x stress contours along with that calculated using the theoretical equation [9] . A comparison of the two plots in Fig. 3 shows a close match, with a slight mismatch of the contours which are towards the surface and away from the centre of the dislocation line. Fig. 4 shows the FEM calculated and the theoretically determined [1] values of the variation in the energy of the dislocation in a circular domain per unit length as a function of the domain size. Similar trends are observed between the theoretical result and the FEM computed values with a match in the values within an order of magnitude. The reason for the slight discrepancy between the theory and FEM results is due to the relaxations allowed in the FEM model (i.e. the surface is allowed to deform except at points on which it has been constrained ( Fig. 2) ). This leads to a system with lowered energy, which has not been accounted for in the theoretical model. Fig. 5 and Fig. 6 show the energy of the edge dislocation as function of its position along the X and Y axes, along with the image force calculated from these curves. These represent the glide and climb components respectively of the image force experienced by the dislocation. Fig. 5 also shows the plot of the theoretical equation (Eq. 5) and it is seen from the figure that there is a good match with the FEM calculated values. As the dislocation approaches the free-surface (e.g. the vertical surface in Fig. 2 ) deformation of surfaces in proximity will become prominent and in this situation the FEM simulation is expected to yield better results as compared to the theoretical equation which ignores this aspect. This difference is clearly seen when a comparison is made between Fig. 5 and Fig. 6 . The plot in Fig. 5 shows the case of the dislocation is approaching a free-surface, while in Fig. 6 the plot is for the dislocation approaching a vertically constrained surface and hence the better match of image forces with theory in Fig. 6 . At this point it should be noted that the FEM simulation is expected to be valid for dislocation positions which are large compared to the core dimension (i.e. approximately, when d > 5b). In the examples considered the method has been used to calculate the force along the X and Y directions and can be extended to for force calculations along any arbitrary direction. Fig. 3 . Plot of the FEM simulated σ x stress contours and its comparison with the theoretical equation [9] in a symmetrical half of a circular domain: a close match is seen between the two values.
Although, on one hand, the model suffers from the following assumptions: (i) E and ν values calculated from single crystal data (bulk values) have been used for the nano-sized crystals, (ii) structure & energy of the core of the edge dislocation have been ignored in the simulation, (iii) dissociation of the dislocation into partials has not been considered, (iv) certain idealized domain shapes have been used instead of real shapes of crystals, (v) calculations are for 300K (room temperature); on the other hand, it offers the following advantages: (i) can be used in cases standard equations of stress fields and image forces are not valid (e.g. small domain sizes of any shape), (ii) the current model can account for surface deformations as a result of the internal stress fields, which leads to a lowered state of energy and the deformed shape can be computed (this aspect is not considered in the standard theoretical formulations), (iii) it is very simple to implement and extend to complicated configurations (e.g. presence of multiple dislocations, splitting of the dislocation into partials, presence of coherent precipitates etc.) and material properties (e.g. multiphase materials, anisotropy etc.). 
Summary and Conclusions
An edge dislocation is simulated using stress-free strains corresponding to the insertion of a halfplane of atoms. The stress state and energy of the system is calculated using the finite element model and is validated by comparison with the standard theoretical equations. By varying the position of the simulated dislocation, the variation of energy and hence the glide and climb components of the image force, experienced by the edge dislocation are calculated. It is seen that the image force experienced by the edge dislocation is a natural consequence of its asymmetric position in the domain and can be calculated using the FEM model without externally applying any forces or invoking the concept of fictitious images. Surface relaxations are also taken into account in the model, which are ignored in the standard theoretical formulations.
